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The availability of cell lines that retain their differentiation programs is important for the study of differentiated cell types
and the development of cell therapies. DNA tumor virus genes are often used to establish cell lines from primary culture for
the analysis of cell-specific functions. To ascertain whether viral immortalizing or transforming genes differed in their effects
on cellular differentiation programs, the E1A 12S (WT12S) gene of adenovirus and the large T antigen (LT) gene of SV40 were
used to derive stable cell lines from primary kidney. The resultant cell types exhibited very different morphologies, growth
and behavior patterns, differentiation states, and plasticities. Renal cells immortalized by LT exhibited branching tubulogen-
esis in response to Matrigel. This was in contrast to their behavior under normal culture conditions, wherein they were less
differentiated, very nonadhesive, very rapidly growing, and transformed. These cells coexpressed adult epithelial (keratin)
and embryonic mesenchymal (vimentin, osteopontin, FSP1, PAX-2, and WT1) genes. WT12S-immortalized cells grown on or
in Matrigel formed cysts or tubules, consistent with their expression profiles, which consisted of both epithelial and adult
kidney markers (E-cadherin, -catenin, circumferential actin filaments (CAF), alkaline phosphatase, aminopeptidase M, BMP7,
or podocalyxin), but not embryonic/mesenchymal markers (PAX-2 or WT1). The WT12S-expressing cells were well differen-
tiated, adhesive, slow growing, and nontransformed. Thus, cells expressing WT12S maintained their original differentiation
status and were less sensitive to reprogramming, while cells expressing LT were dedifferentiated, but had the potential for
reprogramming by exogenous factors. © 2002 Elsevier Science (USA)INTRODUCTION
The kidney is a complex organ whose specific func-
tions are conducted by its various and diverse compo-
nents that are specialized in their structure, function, and
spatial organization. The functional unit of the kidney, or
nephron, consists of several epithelial cell types: glomer-
ular epithelial cells (or podocytes) and several different
renal tubular epithelia that make up the Bowman’s cap-
sule, proximal and distal convoluted tubules, loop of
Henle, and collecting ducts. Nephrogenesis is a highly
complex process consisting of a series of morphoge-
netic and differentiation events (reviewed in Davies et al.,
1999; Orellana and Avner, 1998; Walker, 1998). Conse-
quently, renal development has served as a model sys-
tem to study organogenesis and differentiation. Although
the kidney is composed of epithelia, the primordial neph-
rogenic tissue is of mesenchymal, not epithelial, origin.
The metanephric mesenchyme (MM) expresses vimen-
tin, WT1, PAX-2, BMP7, and osteopontin, but not epithelial
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8specific genes, such as keratin, E-cadherin, or the adult
kidney markers. After induction and the acquisition of
stem cell characteristics, the MM is induced to undergo
mesenchymal epithelial transition (MET), during which
the mesenchymal genes are turned off and epithelial
specific genes, such as keratin and cadherin, are ex-
pressed. Once polarized, adhesive epithelia form, the
specialized adult kidney genes, such as alkaline phos-
phatase, gamma-glutamyl transferase, aminopeptidase
M, Tamm-Horsfall, and podocalyxin, are activated, as
tubulogenesis and glomerulogenesis occur. Adult tubu-
lar, but not glomerular, epithelium has the potential for
regeneration after damage. It is thought that regenera-
tion may recapitulate development to restore tissue func-
tion (Orellana and Avner, 1998). Unfortunately, often there
is a replacement of differentiated, functional epithelia
with undifferentiated, fibrotic tissue, thus compromising
renal function (Abbate and Remuzzi, 1996; Badid et al.,
2000; Guarino, 1995; Hay and Zuk, 1995; Ng et al., 1999;
Norman and Fine, 1999; Okada et al., 2000). Interestingly,
renal tumors seem to arise as a result of the altered
expression or function of genes, such as PAX-2 and WT1,Key Words: regeneration; immortalization; kidney; renal;
ing morphogenesis; tubulogenesis.
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Renal disease is usually progressive and at present no
real cures exist. Future treatments will include renal
engineering, gene therapy, and the generation of new
target-specific drugs. Kidney disease can come in many
forms: congenital, including cancer, leading to chronic
loss of function; or damage, leading to acute or chronic
loss of function. Congenital kidney disease results from
kidney malformations caused by abnormal morphogen-
esis or differentiation. Dysplastic kidneys represent per-
turbed EMT leading to malformed branching tubules. It
has been hypothesized that low nephron number may
underlie many kidney diseases, including hypertension
and glomerulosclerosis in response to renal injury (al-
Awqati and Goldberg, 1998). The determinant of nephron
number is the number of branches; therefore, the cause
of less nephrons is premature cessation of branching
induction. Thus, it is important to identify the molecular
basis for the control of branching during kidney devel-
opment. The establishment and maintenance of epithe-
lial polarity is essential for the integrity and function of
epithelial organs and is particularly critical in the kidney
where vectorial processes are vital (Wilson, 1997). Faulty
intracellular delivery and polarization can lead to renal
cystic diseases. The mortality in acute renal failure is
high and renal failure is an added risk factor in multior-
gan failure. Recovery from acute renal failure requires
the replacement of injured cells with new cells that reline
and restore tubule integrity. During acute tubular necro-
sis (ATN), one of the most common causes of acute renal
failure, normally quiescent cells dedifferentiate and reob-
tain their ability to proliferate. The newly acquired cells
are immature and express the mesenchymal markers
vimentin and PAX-2 that are expressed during kidney
development but not in mature epithelial cells, but they
can differentiate to restore functional integrity (Imgrund
et al., 1999).
The development of in vitro cell lines that could serve
in therapeutic capacities and/or enable the identification
of the molecular and cellular mechanisms to potentiate
the development of therapeutic interventions would be
valuable (Humes, 2000). Such cell lines would, of course,
need to exhibit the expression profiles and possess the
highly specialized functions of the various renal epithe-
lial cell types. The transforming genes of the DNA tumor
viruses (DNA TV) have long been used to establish a
variety of cell lines (reviewed in Katakura et al., 1998),
with the status of differentiation of the resultant cells
lines being varied. One possibility is that those genes
that immortalize, but do not transform, give rise to more
differentiated cells than those that can both immortalize
and transform. To this end, we have examined a set of
cell lines derived from rodent kidney by the introduction
of viral immortalizing or transforming genes for their
expression profiles, differentiation status, and ability to
generate kidney-like structures, such as cysts, tubules,
and branching tubules. Expression of the E1A 12S
(WT12S) gene of adenovirus (reviewed in Bayley and
Mymryk, 1994) enables cells to grow indefinitely in cul-
ture, without being tumorigenic. In addition, WT12S im-
mortalized epithelial cells retain many epithelial proper-
ties (Quinlan, 1995). Mutants of E1A exist that can im-
mortalize, but do not retain epithelial differentiation
(Fischer and Quinlan, 1998a; Quinlan and Douglas,
1992). The large T antigen of SV40 (LT) (reviewed in Butel
and Lednicky, 1999) can immortalize and transform cells,
often with a loss of tissue-specific expression (Butel and
Lednicky, 1999; Obinata, 1997; Zhang and Stevens, 1991).
In the studies described herein, the renal cell lines es-
tablished by WT12S retained both epithelial and kidney-
specific characteristics. Those kidney cells possessing a
tubular expression profile were, in fact, able to undergo
tubulogenesis in Matrigel. One cell line exhibited podo-
cytic characteristics and could only form cysts, not tu-
bules. The LT-derived cells did not exhibit an epithelial
phenotype. They coexpressed kidney, epithelial, and
mesenchymal-specific genes, were tumorigenic, and
had many stem cell properties, including the ability to be
induced to undergo branching morphogenesis in re-
sponse to Matrigel. Together, these cell lines provide
model systems for the study of differentiated renal cells
and the development of in vitro therapeutics. The data
suggest that immortalizing-only genes, such as E1A, may
be able to maintain the differentiation program of the cell,
or a particular subset of cell types, in this case epithelial.
Transforming genes, such as LT, may effect some dedif-
ferentiation, but those cells that coexpress mesenchymal
and at least some epithelial genes may be reprogram-
mable to redifferentiate in response to specific extracel-
lular signals in the extracellular matrix.
RESULTS
Wild-type 12S immortalizes kidney cells such that
they retain epithelial and kidney cell characteristics
To ascertain the extent of differentiation maintained by
renal cells immortalized by WT12S, several kidney-de-
rived cell lines (12-1, 12-2, 12-6, 12-8, 12-9, and 12-16)
were examined with respect to epithelial- and kidney-
specific parameters. All of these cell lines expressed the
12S protein in the nucleus and yet retained many epithe-
lial and kidney cell characteristics (reviewed in Piepen-
hagen and Nelson, 1998; Wilson, 1997) (Fig. 1). Confluent
monolayer cultures displayed the cobblestone appear-
ance of interlocking cells, typical of epithelial sheets (Fig.
2). The predominant F-actin structure (reviewed in Bacal-
lao, 1995) was that of adhesive epithelial cells: the cir-
cumferential actin filament network (CAF) (Fig. 2). Similar
to what we have previously shown for 12-16, all exhibited
features critical to their function as kidney epithelia
(Piepenhagen and Nelson, 1998; Wilson, 1997): apical-
basolateral polarity, cell–cell and cell substrate adhe-
sion, and could form permeability barriers at confluence
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(Table 1 and Fischer and Quinlan, 1998a). They were
relatively slow growing, dependent upon attachment to
substrate for survival, and thus, could not form colonies
in soft agar, indicating that the cells were not tumorigeni-
cally transformed (Table 1). All of the WT12S cells ex-
pressed the epithelial-cell specific genes for intermedi-
ate filaments, cytokeratin 18 (Fig. 3), and cell–cell adhe-
sion, E-cadherin, and -catenin (Fig. 4). Cytokeratin 19, a
distal tubule marker, was coexpressed by 12-8. All the
WT12S lines also expressed low levels of the adult kid-
ney, proximal tubule specific genes alkaline phospha-
tase, and aminopeptidase M (Fig. 3 and Tables 2 and 3).
One WT12S cell line, 12-16, expressed podocalyxin, a
marker of glomerular epithelia (or podocytes), and two
cell lines, 12-2 and 12-6, expressed BMP7, which is
expressed during nephrogenesis. None of the WT12S-
immortalized cells expressed detectable levels of the
tubular genes Tamm–Horsfall, -glutamyl transferase, or
osteopontin, which is expressed in the Loop of Henle.
Osteopontin is also expressed early in nephrogenesis
and is upregulated in other segments in all renal dis-
eases, including cancer (Hudkins et al., 1999). On the
other hand, the WT12S immortalized cells did not exhibit
detectable levels of PAX-2 or WT1, the embryonic kidney
markers, which are also involved in tumorigenic trans-
formation (Figs. 1 and 3; Tables 2 and 3) (Eccles, 1998;
Mrowka and Schedl, 2000). Some of the WT12S cells
coexpressed low levels of the mesenchymal markers
FIG. 1. E1A and PAX-2 nuclear expression in WT12S and HBdl12
immortalized kidney cells. The cell lines indicated on the left were fixed
and processed for indirect immunofluorescence with antibodies to E1A
and PAX-2 proteins. Hoechst staining was used to demarcate the
nuclei. All photomicrographs were taken at the same magnification,
80.
FIG. 2. Cell and monolayer morphology and F-actin structures in
WT12S and HBdl12 immortalized cells. The cell lines indicated on the
left were fixed and stained for F-actin structures using phalloidin-FITC.
Phase, phase contrast. Hoechst staining was used to demarcate the
nuclei. All photomicrographs were taken at the same magnification,
80.
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vimentin and fibroblast specific protein 1 (FSP1) (Okada
et al., 1997; Strutz et al., 1995) (Fig. 3 and Tables 2 and 3).
It has been previously reported that kidney epithelial
cells in culture can coexpress vimentin with cytokeratin
(Hatzinger et al., 1988). From these analyses, it appears
that immortalization of kidney cells by the WT12S gene
allows the establishment of cell lines with many epithe-
lial and kidney-specific characteristics.
TABLE 1
Growth Properties of Kidney Cell Lines
12-1 12-2 12-6 12-8 12-9 12-16 HBdl12 SVR4 S1 TKC2 MES13
Morphologya E E E E E E M M M M M
F-actin structureb CAF CAF CAF CAF CAF CAF SF SF   m.arc
Adhesionc           
Growth rated 1:4 1:2 1:2 1:2 1:1.2 1:4 1:15 1:60 1:15 1:15 1:20
Soft agar growthe           
On matrigel f Cyst Cyst Cyst T T Cyst Scyst T Cyst Cyst BM
In matrigel f T T T T T Cyst Scyst T  BM T  BM T  BM T  BM
Immortal/TX geneg WT12S WT12S WT12S WT12S WT12S WT12S MT 12S LT LT LT LT
a E, epithelial; M, mesenchymal.
b CAF, circumferential actin filament network; SF, stress fibers; m.arc, membrane arc; , no dominant structure.
c , cells requiring EDTA to disrupt cell–cell or cell–substrate adhesion.
d The ratio at which cells were passaged to reach confluence after 3 days.
e , No colonies in soft agar; , colonies in soft agar, but only at 105 cells per well.
f Cyst, cyst or aggregate; scyst, small cysts that did not expand; T, tubule; BM, branching morphogenesis.
g Viral gene used to establish cell line: WT12S, adenovirus wild-type E1A 12S; MT 12S, C-terminus-mutated 12S gene; LT, SV40 large T antigen.
FIG. 3. RT-PCR analyses of the expression of epithelial-, mesenchymal-, and kidney-specific markers in 12S immortalized (a) and LT transformed
(b) kidney cells. As an internal control, G3PDH primers were used under the same conditions and at the same time. The optimized, linear PCR cycle
number is indicated at the right of each row.
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Previous structure-function analyses of E1A have indi-
cated that the C-terminus is important in regulating
transformation progression, with mutations enhancing
the phenotype, especially with V12ras (Douglas et al.,
1991; Linder et al., 1992; Subramanian et al., 1989). This
region also affects actin and actin-dependent structures,
suggesting a role in regulating differentiation programs
(Fischer and Quinlan, 1998a,b, 2000). To determine
whether the C-terminus could affect a specific differen-
tiation program, a C-terminal mutant, HBdl12, was used
to contrast with the effects of WT12S. Similar to the
WT12S protein, the HBdl12 polypeptide is stable and
nuclear (Fig. 1) (Douglas et al., 1991). Cells immortalized
by HBdl12 were less differentiated (Figs. 2 and 3). HBdl12
cells did not exhibit an epithelial morphology, but rather
a more fibroblastic or mesenchymal one. Consistent with
the more fibroblastic appearance, the cells exhibited
several other features of fibroblast cells (Bacallao, 1995;
Hay, 1995, No. 328). The predominant F-actin structure
was no longer CAFs, but stress fibers (Fig. 2) and the
intermediate filament gene expressed was no longer
keratin but was vimentin and at a very high level (Fig. 3
and Table 2). The apical/basolateral polarity of epithelial
cells was replaced by an anterior/posterior polarity,
which is typical of fibroblasts or mesenchymal cells.
HBdl12 cells no longer expressed E-cadherin (Fig. 4) and
so not surprisingly, they are less adhesive and can no
longer form a permeability barrier (Table 1) (Fischer and
Quinlan, 1998a). While they were less differentiated and
faster growing than the WT12S-immortalized kidney
cells, the HBdl12 cells were still unable to grow in sus-
pension, and therefore, were not tumorigenically trans-
formed (Table 1). The HBdl12-immortalized cells retained
expression of alkaline phosphatase and aminopeptidase
FIG. 4. Immunoblot analyses of the expression of E-cadherin and
-catenin in 12S and LT-expressing cell lines. Equal protein lysates
made from the cell lines indicated along the top were processed for
immunoblotting and probed with antibodies to E-cadherin (E) and
-catenin (). The A431 lysate (10 g) was used as a positive control.
TABLE 2
Expression Profiles of Kidney-Derived Cell Lines
12-1 12-2 12-6 12-8 12-9 12-16 HBdl12 SVR4 S1 TKC2 MES13
Cytokeratin 18           
Cytokeratin 19           
Alkaline phosphatase           
-Glutamyl transferase           
Aminopeptidase M           
Tamm–Horsfall protein           
Osteopontin           
Podocalyxin           
FSP1           
PAX-2           
Vimentin           
WT1           
BMP7           
-Catenin           
E-cadherin           
E1A/SV40 large T           
TABLE 3
Expression Pattern of Marker Genes
Normal kidney Diseased kidney
Embryo Adult Cancer Degen.
Cytokeratin 18   
Cytokeratin 19   
Alkaline phosphatase   
-Glutamyl transferase  
Aminopeptidase M   
E-cadherin    
Tamm–Horsfall protein   
Osteopontin    
Podocalyxin   
FSP1    
PAX-2    
Vimentin    
WT1   
BMP7   
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M, which was very much upregulated (Fig. 3 and Table
2). They did express the mesenchymal markers vimentin
and FSP1, the embryonic/tumorigenic kidney markers
PAX-2 and WT1, BMP7, and osteopontin (Fig. 3 and Ta-
bles 2 and 3). Thus, the HBdl12 cells have undergone an
epithelial mesenchymal transition (EMT). Since a muta-
tion altering the C-terminus of the 12S protein results in
immortalized renal cells that exhibit fibroblastic/mesen-
chymal characteristics, it suggests that the WT12S en-
codes a function that specifically affects the differentia-
tion program, at least of epithelial-derived cell types.
LT expression gives rise to transformed kidney cells
that coexpress epithelial and mesenchymal genes
While both E1A and LT have many properties in com-
mon, especially with respect to cell-cycle activation, in
contrast to E1A, LT not only immortalizes, but also trans-
forms cells. We set out to see whether there would be
different or similar consequences for cells immortalized
by LT. Expression of LT (Fig. 5) resulted in the kidney-
derived cell lines, SVR4, S1, TKC2, and MES13, with a
variety of different expression profiles, retaining some
kidney characteristics (MacKay et al., 1988; Takeda et al.,
1995; Van Doren and Gluzman, 1984; Yanai et al., 1991).
All of these cell lines exhibited high proliferative poten-
tials, due, of course, to the expression of LT (Table 1).
None of the LT-expressing cells exhibited epithelial mor-
phology or cell–cell adhesion (Fig. 5, Table 1, and data
not shown). Consistently, they did not express E-cad-
herin, the major cell–cell adhesion protein in these cells
(Fig. 4 and Table 2). They were very nonadhesive to
substrate and all of them were able to form colonies in
soft agar (Table 1), indicative of their capacity to be
tumorigenic. Somewhat surprisingly, all of the LT lines
expressed cytokeratin (18 or 19), and not surprisingly,
vimentin, at a high level (Fig. 3 and Table 2). All the
LT-expressing cells expressed alkaline phosphatase, os-
teopontin, FSP1, and PAX-2. Except for MES13, the rest
expressedBMP7.Onecell line,S1,evenexpressedTamm–
Horsfall protein. Surprisingly, only SVR4 expressed WT1.
Thus, cells established by the transforming gene, LT, had
lost some, but not all, of the properties of adult renal cells
and had partially dedifferentiated to resemble an earlier
embryonic state.
12S immortalized cells form cysts and tubules in
Matrigel, but only LT-expressing cells undergo
branching morphogenesis
Extracellular matrix (ECM)–cell interactions affect cell
growth, differentiation, and gene expression. Basement
membranes (BM) are specialized ECMs surrounding ep-
ithelial, endothelial, and other cell types (Miner, 1999).
FIG. 5. LT and PAX-2 nuclear expression, F-actin structures, and cell and monolayer morphology of LT-transformed cells. The cell lines indicated
on the left were processed for LT and PAX-2 indirect immunofluorescence with the cognate antibodies. F-actin structures were identified using
phalloidin-FITC. Phase, phase contrast micrographs. Hoechst staining was used to demarcate the nuclei. All the photomicrographs were taken at the
same magnification, 80.
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BM dynamics are important in kidney development and
disease. Matrigel is a solubilized BM matrix derived from
the Engelbreth–Holm–Swarm mouse tumor and is a po-
tent inducer of cell growth and differentiation in several
cell types (Kleinman et al., 1986). Epithelial cyst and
tubule formation are critical processes that involve tran-
sient, highly choreographed changes in cell polarity. To
ascertain the ability of the cell lines described above to
form renal-like structures such as cysts, tubules, or
branching tubules, they were plated on top of (on Matri-
gel) or between two layers of (in matrigel) Matrigel (Fig.
6 and Table 1). All the WT12S-immortalized cell lines
were able to form aggregates or cysts on Matrigel and
most formed long linear structures, probably tubules, in
Matrigel. Interestingly, the one cell line (12-16) express-
ing the glomerular epithelial (podocytic) marker podoca-
lyxin did not. These phenotypes were lost in the HBdl12-
immortalized cells, which formed only very small aggre-
gates on or in Matrigel. Only the LT-expressing cells
were able to undergo branching morphogenesis, but all
of them were able to do so, with MES13 having the
highest density of branches on or in Matrigel. S1 and
TKC2 cells did so in but not on Matrigel, where they
formed cysts or aggregates, while SVR4 formed tubule-
like structures on Matrigel and branches in Matrigel.
Thus, the cells expressing the immortalizing-only gene,
WT12S, retained many epithelial and kidney-specific
characteristics and were able to form 3D structures pre-
dicted by their expression profiles. On the other hand,
cells expressing the transformation-inducing oncogene,
LT, while being the most dedifferentiated (and trans-
formed), were susceptible to redifferentiation in re-
sponse to extracellular inducer(s) to form complex,
branching 3D structures.
DISCUSSION
The development of cell lines that maintain differenti-
ation-specific behavior and/or the ability to form tissue-
specific structures is important for the study of such
functions and the regulation of differentiation, as well as
to enable the development of targeted therapies. It is at
best difficult to grow “differentiated” cells in culture, never
mind have them exhibit the characteristics of the original
cell or tissue type. Herein, we have reported on the
establishment of several different cell lines derived from
primary rodent kidney by the immortalization and trans-
formation genes of Adenovirus and SV40, respectively.
Their growth, behavior, and expression profiles have
been determined and used to try identify their cell type
and differentiation potential to enable them to be used as
model systems for various kinds of kidney studies (Table
3). It must, of course, be remembered that there may be
phenotypic differences simply due to their growth in
culture and/or the effects of the immortalizing transgene.
It is also possible that the phenotypic profiles are a
reflection of the propensity or capability of the respective
gene to immortalize a particular cell type or subset of cell
types that was present in the original cultures.
It is clear that kidney cells established with WT12S are
truly epithelial cells. All the cell lines derived from
WT12S-mediated immortalization expressed the nonepi-
dermal keratin 18 of simple epithelia. The intermediate
filament superfamily proteins are expressed in a tissue-
preferential manner (Fuchs and Weber, 1994) and their
expression profile has been useful in tumor diagnosis.
All the cell lines expressing the WT12S gene have the
epithelial-specific CAF as their predominant F-actin
FIG. 6. Monolayer morphology and Matrigel morphologies of 12S
immortalized and LT-transformed kidney cells. The cell lines indicated
on the left were grown as monolayers on tissue culture plastic (Phase),
on the surface of a layer of Matrigel (on Matrigel), or between two
layers of Matrigel (in matrigel). All photomicrographs were taken at the
same magnification, 20.
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structure (Bacallao, 1995; Hay, 1995). Consistent with
their growth as sheets of adhesive cells, E-cadherin and
-catenin were expressed. Podocalyxin is the major si-
aloprotein in the glycocalyx of podocytes (renal glomer-
ular epithelial cells) (Kerjaschki et al., 1984). 12-16 cells
may represent podocytes because they express podo-
calyxin and are not able to exhibit tubulogenesis in or on
Matrigel. There is strong evidence that the podocyte is
incapable of regenerative replication. Loss of podocytes
may therefore lead to areas of “bare” glomerular base-
ment membrane (GBM), which represent potential start-
ing points for irreversible glomerular injury (Kriz and
Lemley, 1999). Since the 12-16 cells can be maintained
stably and indefinitely in culture, it may be possible to
use such cell types for podocyte repopulation. Cultured
tubular cells coexpress cytokeratin and vimentin as in-
termediate filament proteins (Baer et al., 1999). Humes
has shown that renal proximal tubule cells isolated from
adult rabbit kidney are able to differentiate morphogeni-
cally into tubules when grown in three-dimensional col-
lagen gels and have a high capacity for self-renewal
(Humes et al., 1996). The remaining WT12S cells exhib-
ited expression profiles that could be indicative of renal
tubular epithelial cells and were able form tubule-like
structures when grown on/in Matrigel, the basement
membrane derived from the Engelbreth–Holm–Swarm
mouse tumor. It is well known that BM interactions affect
gene expression, growth, and differentiation and are
important in kidney development and disease (Miner,
1999). Thus, we have shown that kidney tubular epithelial
cells with tubulogenesis ability can be immortalized, and
not tumorigenically transformed, by the constitutive ex-
pression of the WT12S gene. This provides an unlimited
supply of cells with this morphogenetic potential. These
cells could serve as model systems to generate kidney
tubules in vitro with the long-term goal of using such a
system therapeutically to treat/correct tubulointerstitial
fibrosis that results from the myofibroblast transdifferen-
tiation of tubular epithelial cells (Ng et al., 1998).
We have previously shown that epithelial cells, immor-
talized by 12S C-terminal mutants such as HBdl12, have
lost epithelial cell-specific markers and characteristics,
such as adherens junctions, and acquired more fibro-
blastic properties (Fischer and Quinlan, 1998a, 2000;
Kiemer et al., 2001). In this study, we show that there is
also the loss of tissue-specific differentiation programs.
Taken together, the data suggest that the HBdl12 cells
resemble cells that have dedifferentiated to an earlier
stage in kidney development. Perhaps it is not surprising
that the HBdl12 cells were unable to respond to Matrigel
by undergoing tubulogenesis. The HBdl12 mutation is in
the C-terminal region of E1A that regulates tumor pro-
gression by V12ras (Douglas et al., 1991; Linder et al.,
1992; Subramanian et al., 1989). The function encoded by
this region affects the rac1/cdc42 pathway that regulates
actin organization (Fischer and Quinlan, 2000; Fischer et
al., 1998), a major determinant of cell morphology and
differentiation (Arellano et al., 1999; Bacallao, 1995). The
paradigm is that DNA tumor virus oncogenes affect the
cell by their interactions with cell-regulatory proteins
(reviewed in Butel, 2000). Two cellular polypeptides have
been shown to interact with the C-terminus of E1A:CtBP
(Boyd et al., 1993; Schaeper et al., 1995) and Dyrk1A/B
(Zhang et al., 2001). The CtBP-interacting domain (aa
233–237) is intact in HBdl12, but one of the two interact-
ing regions for Dyrk1 (aa 140–175; aa 195–238) encom-
passes the HBdl12 deletion (aa 189–207). Therefore,
Dyrk1 would be a good candidate to play a role in the
differentiation function of the 12S C-terminus. Interest-
ingly, the yeast paralogue of Dyrk1, Yak1p, regulates
pseudohyphal differentiation. Since a mutation in the
C-terminus results in the loss of renal epithelial differen-
tiation, it would suggest that maintenance of, at least
epithelial, differentiation is a specific 12S function.
Stem or pluripotent cells are important for therapeutic
development in cancer and degenerative disorders. Kid-
ney stem cells are characterized by their greater prolif-
erative potential, expression of PAX-2 and vimentin, and
the ability to differentiate into other cell types (Davies
and Bard, 1998). Considering these parameters, the LT-
expressing cells come closest to being stem cells or at
least exhibiting some of the properties of stem cells.
However, because of the expression of LT, their growth
rate is enhanced making them almost like a “super” stem
cell. All the LT-expressing cells were dedifferentiated
with respect to their morphology and growth properties.
In terms of kidney development they resemble induced
metanephric mesenchyme, but, strangely, with some
later, adult kidney genes also being expressed. The
LT-expressing cells were able to grow in soft agar, as
expected. Interestingly, some theorize that stem cells are
the source of cancer cells due to their intrinsic prolifer-
ative capacity (Sell and Pierce, 1994; Wright, 2000). Sur-
prisingly, the LT cells were susceptible to reprogram-
ming in response to altered cell–substrate interactions
by undergoing not only tubulogenesis, but also branch-
ing morphogenesis. MES13 seemed to be the most de-
differentiated or most primitive, progenitor-like cell and it
responded to ECM induction by redifferentiating and
exhibiting the highest density branching. Branching is
controlled independently of growth, which is consistent
with the results observed with the LT cell lines, and
requires changes in the cytoskeleton (Davies and Bard,
1998), which is very plastic in these cells, since they do
not express any dominant F-actin structures. This plas-
ticity may indicate that the LT-expressing cells are really
dedifferentiated to a more progenitor-like kidney cell,
which allows them to undergo the most drastic rediffer-
entiation programming when stimulated by altered
cell–BM interactions (Miner, 1999). Altered cell–BM in-
teractions are well known to be able to serve as signals
to induce altered differentiation/expression programs
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and are critical to kidney development. The ability to
induce such morphologic changes in renal cells may
provide a basis for tissue engineering and organ recon-
struction.
E1A and LT have many functions and properties in
common (reviewed in Butel, 2000). They can activate
cell-cycle progression, induce proliferation, and immor-
talize primary epithelial cells. They both bind to the
retinoblastoma family proteins and the p300/CBP tran-
scriptional coactivators, both of which are implicated in
affecting differentiation (reviewed in Ali and DeCaprio,
2001; Condorelli and Giordano, 1997). However, beyond
immortalization, per se, there are significantly different
consequences to the differentiation status of the result-
ant cell lines. The loss of E-cadherin expression in LT-
expressing cells has been attributed to the interaction
between LT and pRB (Batsche et al., 1998), but 12S also
binds pRB and E-cadherin expression is retained. It
seems most likely that an additional function(s), encoded
by the noncommon regions, of these two viral genes is
responsible for the different phenotypic effects observed
here and for the difference in the transformation status of
the resultant cells. Although the cells derived from the
expression of 12S or LT are very different, all of them
have the potential to be useful for understanding differ-
entiation and its regulation and for developing specific
cell and cell-targeting therapies.
MATERIALS AND METHODS
Cell culture and growth assays
Primary kidney cells from neonatal Fisher rat (F444;
Harlan, Indianapolis, IN) kidneys were immortalized by
the wild-type E1A 12S (WT12S) gene (cell lines: 12-1, 12-2,
12-6, 12-8, 12-9, 12-16) of adenovirus or a mutant, HBdl12
(aa 189–207) (cell line HBdl12), or transformed by the
large T antigen of SV40 (LT; cell line SVR4) as described
previously (Quinlan and Douglas, 1992; Quinlan et al.,
1988; Van Doren and Gluzman, 1984). The cell lines,
MES13 [ATCC (CRL-1927); (MacKay et al., 1988)], S1
(Takeda et al., 1995), and TKC2 (Yanai et al., 1991), are de-
rived from LT-transgenic mice and were described pre-
viously. Cells were maintained in DMEM (GIBCO/BRL,
Grand Island, NY) supplemented with 5 or 10% FCS and
penicillin/streptomycin (100 IU/ml/100 g/ml) (DMEM/
FCS). New vials of all of the cell lines were thawed at the
beginning of these experiments and were only main-
tained in culture for 30–40 passages, at which point they
were replaced. Photomicrographs were taken with a
Nikon TMS microscope with an HFX-DX attachment and
Neopan (Fujifilm, Tokyo, Japan) ASA 400 film.
To test the ability of cell lines to grow independently of
solid substrate, six-well trays were coated with 2 ml of
medium containing 0.5% Noble agar in DMEM/FCS,
which was allowed to solidify. Duplicate cell samples
were then plated onto these dishes in the same medium,
at densities of 103, 104, and 105 per well. Trays were
incubated as per normal conditions, with fresh media
added every 3–4 days. Colony formation was assayed
between 7–21 days after plating.
To assay for the ability to form tubules or undergo
branching morphogenesis, cells were plated in 1 ml
DMEM/FCS in 24-well trays with nothing or 100 l
Matrigel (Becton–Dickinson, Bedford, MA). Twenty-four
hours after plating, media were removed and parallel
wells received either fresh media or another layer of
Matrigel plus media, such that cells were on no special
substrate, on matrigel or in between two layers of
Matrigel, and incubated as per usual.
Immunoreagents
The primary antibodies for E-cadherin (C20820 or
C37020) were purchased from Transduction Laborato-
ries (Lexington, KY); -catenin was purchased from
Zymed (71-1200; San Francisco, CA) and Transduction
Laboratories (C21620); PAX-2 was purchased (PRB-276P)
from BAbCO (Richmond, CA). The monoclonal antibodies
for E1A [M29, M37, M62, M73; Harlow et al., 1985)] and
the large T antigen of SV40 [MAbs 416 and 419; (Harlow
et al., 1981)] were previously described. The secondary
antibodies conjugated to horseradish peroxidase (HRP)
were purchased from Sigma Chemical Co. (St. Louis,
MO). Phalloidin was conjugated to FITC and purchased
from Sigma or to Alexa-Fluor 488 and purchased from
Molecular Probes (Eugene, OR). Secondary antibodies
conjugated with either Texas red X or Oregon green 488
were obtained from Molecular Probes.
Immunoblotting
Cells were harvested at confluence: the media were
removed and the cells rinsed with cold PBS. The cells
were scraped in cold PBS into microfuge tubes on ice.
Cell pellets were collected by centrifugation at 2000 g for
5 min at 4°C. The pellets were lysed with 62.5 mM Tris,
pH 6.8–1% SDS–1 mM PMSF–1 phosphatase inhibitor
cocktail (I; Sigma)–1 protease inhibitor cocktail (III) and
boiled for 15 min. The samples were then placed on ice
for 5 min and centrifuged for 20 min at 15,000 g. The
supernatants were collected and the protein concentra-
tions determined using the DC Protein Assay reagent,
with BSA as the standard (BioRad Laboratories, Her-
cules, CA). Equal protein concentrations were analyzed
by SDS–PAGE. The resolved samples were transferred to
nitrocellulose by semidry blotting. The blots were
blocked overnight with blocking buffer (BB; PBS with
0.5% gelatin–0.2% TTX100) and incubated with the indi-
cated primary antibodies and secondary antibodies con-
jugated to HRP, diluted in BB. Washes were done three
times, 10 min each with BB, without gelatin. Detection
was accomplished by chemiluminescence and BioMax
MR film.
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Immunofluorescence
For immunofluorescence analyses, the cells were di-
luted into DMEM with serum and equal cell numbers
were plated onto coverslips coated with 0.1% gelatin or 1
g/cm2 CellTak (Becton–Dickinson). At 24 or 48 h after
plating, the cells were rinsed with room temperature PBS
and fixed in 1% PFA in PBS. To decrease background,
quenching was done by incubating with 20 mM ammo-
nium chloride in PBS for 20 min at room temperature,
followed by three washes in PBS. The cells were then
permeabilized with 0.2% Triton X-100 in PBS for 3 min and
washed with PBS three times. Blocking was done by
incubating coverslips in PBS with 1% serum or BSA for 15
min at room temperature. All antibodies were diluted in
PBS with 1% serum/BSA and incubated with the cover-
slips for 30 min at 37°C in a humidified chamber. After
each antibody step, the cells were washed three times
with PBS. Once incubated with the secondary conju-
gated antibodies, coverslips were kept in the dark. They
were rinsed once with distilled water just before mount-
ing with Airvol (Air Products, Allentown, PA). Photomicro-
graphs were taken with a Zeiss Axiophot epifluores-
cence microscope, using Neopan (Fujifilm) ASA 400 film.
Equal magnifications were used for all the panels in a
figure.
RT-PCR
Total RNA was prepared from cells grown on tissue
culture dishes using RNeasy (Qiagen, Tokyo, Japan) fol-
lowing the instructions of the manufacturer. Five micro-
grams of total RNA was used to synthesize the single-
strand cDNA using Superscript First-Strand Synthesis
System for RT-PCR (GIBCO/BRL, Tokyo, Japan). The final
reaction mixture was diluted up to 200 l with water.
Primers were synthesized according to the sequences of
each gene (Table 4). Twenty microliters of PCR reaction
mixtures contained 1 l diluted, single-strand cDNA; 2 l
10x ExTaq polymerase buffer (Takara, Kyoto, Japan); 2 l
dNTPs (2.5 mM each); 10 pmol each of forward and
reverse primers; 1 l DMSO, 1 U ExTaq polymerase
(Takara). PCR was initiated at 95°C for 3 min, followed by
an optimized number of cycles at 95°C, 30 s–60°C, 30
s–72°C, 30 s in a PTC-200 thermal cycler (MJ Research,
Watertown, MA). Fifteen microliters of the reaction mix-
ture was electrophoresed in 2% agarose gels in TAE
buffer and stained with ethidium bromide and the image
captured by FASIII (Toyobo, Osaka, Japan) and printed on
thermal paper.
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